Abstract. The line of large span transmission tower is heavy, which will have influence on system dynamics. The transmission tower-line rig was built. The influence of tower-line coupling effect, insulator connection state and line sag on system dynamics was tested by experimental modal analysis. Results show that the tower-line coupling effect influences the longitudinal bending and torsional modes mainly and has less effect on the lateral bending mode. There is a set of corresponding system frequencies near the tower's modal frequency. For the tower-line system, modal frequency decrease and damping increases. The tower-line coupling effect is strong if the insulator and the tower are tightly connected. The coupling effect is weak under the loose connection state. If line's sag is small, its constraint on the tower is large. The modal frequency is larger than that of system with large sag. Additionally, the greater the sag of the line, the greater the modal damping.
Introduction
The span of large transmission tower is above 1000 m, and its height is above 100 m. It has the characteristics of high, long span and strong flexibility. It is sensitive to gust impact, prone to fatigue damage and collapse. Most of the traditional methods regarded the transmission tower and line as two independent bodies, without considering the coupling effect between them. However, the mass of long-span transmission line cannot be neglected. The tension in the line is large, which has a greater influence on the dynamics of tower-line system.
In order to reduce the vibration, tuned mass dampers are used in transmission towers, which require high accuracy in the calculation of dynamics of tower-line system. A slight deviation in natural frequency will result in a significant reduction in vibration control effect [1] . It is necessary to consider the tower-line coupling effect.
In view of the coupling effect of tower and line, people have carried out a large number of researches. In [2] , the simplified model considering the line with additional mass was used. It is found that the influence of line increases with the increase of line span. In [3, 4, 5, 6 ], the multi-particle model was used to calculate the modes and frequencies of high-voltage and long-span towers with and without lines. The influence of lines cannot be ignored. In [7] , the finite element model of a long-span line was established for dynamic analysis of tower-line system. In [8] , it is found that the longitudinal natural frequency decreases with the increase of the mass ratio of the line to tower. At present, most of researches on tower-line coupling effect are based on the calculation. It is necessary to simplify the model of insulator, line and connection state between them. However, errors caused by these simplified assumptions are less considered.
A test rig for transmission tower-line system dynamics research was set up in this paper. The coupling effect between tower and line was studied by experimental modal test. The influences of line sag, connection state between insulator and tower were analyzed. Results can provide guidance for vibration control design of tower-line coupling system.
Transmission Tower-Line Dynamics Test Rig
Test Rig Introduction Figure 1 shows the tower-line system test rig. The tower is a cup type. Its height is 1.80 m, the head width is 0.80 m, and the root opening width is 0.40 m. The cross section of the tower main body is square. The total weight of the tower is 18.2 kg. The insulator is 0.13 m long. The transmission line adopts ZR-BVR type multi core copper wire cable with single layer plastic insulation. The cross-sectional area is 16 mm 2 , and the unit length is 0.175 kg/m. It is 1.55 m away from the ground, the length of the single span is 5 m. The test system is composed of hammer, force sensor, charge amplifier, acceleration sensor and 652U dynamic signal analyzer of IOTECH company. Considering the frequency characteristics of tower-line system, WT135-1D type low frequency accelerometer is selected.
Modal Test Theory
The dynamic equation under external excitation is
where ,, M C K is mass, damping and stiffness matrix respectively, xxx ,, the acceleration, velocity and displacement vector respectively, t F() the force vector. Laplace transform is used for both sides of Eq. (1). The equation is obtained 
where  H() is the frequency response function matrix. They can be obtained by hammer test. System modal parameters can be identified from the frequency response function matrix. Figure 2 shows the mesh model of the tower. The experimental modal test uses multi-point excitation and single point response measurement method. Vibration responses in two directions at the 7 th node of the tower were tested. Frequency response functions were obtained by using eZ-Analyst dynamic signal analyzer. Then modal parameters were identified by using the modal identification software ME'scope. 
Test Results Analysis

Frequency Response Function of Tower and Tower-Line system
We carried out each group of hammer test for five times. The average value was taken as the frequency response function. Figure 3 gives the frequency response function of the tower. There are three obvious peaks on it. According to the mode shape, as shown in Figure 4 , these peaks correspond to the longitudinal, torsional and lateral modes respectively. The modal test of tower-line system was carried out with two lines on the tower. Figure 5 shows the frequency response function of the system. The tower-line system has several not obvious peaks below 6 Hz. They are modal frequencies of the line. The peaks above 6 Hz correspond to the modal frequencies of the tower-line coupling system. There is a set of modal frequency of the tower-line system nearby the modal frequencies of the tower. The peaks of the frequency response function of the tower line coupling system is relatively flat. 
Comparison of Modal Parameters between Tower and Tower-Line System
The first three modes of the tower and the tower-line system, as shown in Table 1 , were compared The tower-line coupling effect mainly influences the longitudinal and torsion modes, but has less influence on the lateral mode. The longitudinal and the torsional frequencies decrease and modal damping increase.
The suspension of lines has a comprehensive effect on the additional stiffness, mass and damping of tower. For longitudinal bending and torsion modes, the line increases system mass, while the additional stiffness has a relatively small effect. These result in the decrease of the corresponding modal frequency.
Influence Factors Analysis of Coupling System Dynamics Insulator State Analysis
In previous tests, insulators were tightly connected to tower. In the actual tower-line system, the connection might be loosened. The effects of tightness and looseness of insulators on system dynamics were tested. The length of the line is 5 m and the sag is 0.50 m. Table 2 gives the first three modal parameters. The frequencies and damping are different if the connection state is different. Under loose connection state, the frequency of the system is almost the same as that of the tower. However, the longitudinal modal damping increases. The connection state has an influence on the dynamics of the system.
Transmission Line Sag Analysis
We carried out the modal test in three states. They are small sag (0.25 m), medium sag (0.50 m) and large sag (0.75 m). Insulators are in tight connection during the test. Tables 3 and Table 4 show the modal frequencies and damping of the tower and the tower-line system. The sag of line has a great influence on the longitudinal modal frequencies. In small sag case, the tension of line is large and the restriction to the tower is large. The increase of stiffness compensates the influence of the mass of lines. The frequency of the system is approximately equal to the frequency of the tower. When the line sag increases, the effect of the additional stiffness decreases and the longitudinal mode frequency decreases. On the other hand, the greater the sag of the line, the greater the friction damping produced during the swing of the line, and the greater the system damping.
Conclusions
In this paper, the experimental modal analysis of the tower and the tower-line system was carried out. The influence of the tower-line coupling effect, the state of insulator and the sag of line on the dynamics of transmission tower were studied (1) The tower-line coupling effect mainly influences the longitudinal and the torsional modes, but has less influence on the lateral mode.
(2) In the tower-line system, the longitudinal and the torsional frequencies decrease. However, modal damping increases.
(3) The connection state between insulator and tower has a certain influence on system dynamics. The tower-line coupling effect is stronger under the tight connection state than that under the loose connection state.
(4) Line's constraint to the tower is bigger under small sag condition. In the case, the additional stiffness effect is larger and the modal frequency is higher. However, the greater the sag of lines, the greater the modal damping.
